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Ubiquitination plays a key role in protein degradation and
signal transduction. Ubiquitin is a small protein modifier
that is adducted to lysine residues by the combined func-
tion of E1, E2, and E3 enzymes and is removed by de-
ubiquitinating enzymes. Characterization of ubiquitination
sites is important for understanding the role of this mod-
ification in cellular processes and disease. However, until
recently, large-scale characterization of endogenous
ubiquitination sites has been hampered by the lack of
efficient enrichment techniques. The introduction of anti-
bodies that specifically recognize peptides with lysine
residues that harbor a di-glycine remnant (K-�-GG) fol-
lowing tryptic digestion has dramatically improved the
ability to enrich and identify ubiquitination sites from cel-
lular lysates. We used this enrichment technique to study
the effects of proteasome inhibition by MG-132 and de-
ubiquitinase inhibition by PR-619 on ubiquitination sites in
human Jurkat cells by quantitative high performance
mass spectrometry. Minimal fractionation of digested ly-
sates prior to immunoaffinity enrichment increased the
yield of K-�-GG peptides three- to fourfold resulting in
detection of up to �3300 distinct K-GG peptides in SILAC
triple encoded experiments starting from 5 mg of protein
per label state. In total, we identify 5533 distinct K-�-GG
peptides of which 4907 were quantified in this study, dem-
onstrating that the strategy presented is a practical ap-
proach to perturbational studies in cell systems. We found
that proteasome inhibition by MG-132 and deubiquitinase
inhibition by PR-619 induces significant changes to the
ubiquitin landscape, but that not all ubiquitination sites
regulated by MG-132 and PR-619 are likely substrates for
the ubiquitin-proteasome system. Additionally, we find
that the proteasome and deubiquitinase inhibitors studied
induced only minor changes in protein expression levels
regardless of the extent of regulation induced at the ubiq-
uitin site level. We attribute this finding to the low stoichi-
ometry of the majority ubiquitination sites identified in this

study. Molecular & Cellular Proteomics 11: 10.1074/
mcp.M111.016857, 148–159, 2012.

Ubiquitination is a post-translational modification that plays
a central role in regulating protein half-life through degrada-
tion via the 26S proteasome (1). Aside from this archetypal
role, ubiquitination is essential for regulating myriad other
processes including protein endocytosis, lysosomal targeting,
and chromatin remodeling (2). Similar to phosphorylation,
ubiquitination is reversible, ATP-dependent, and enzymati-
cally driven (3). In contrast, ubiquitin itself is a conserved 76
amino acid protein that is adducted to its substrates in a highly
modular method. Attachment of ubiquitin to the epsilon-
amino group of lysine residues is facilitated through the se-
quential action of three discrete enzymes, the ubiquitin acti-
vating enzyme (E1), the ubiquitin-conjugating enzyme (E2),
and the ubiquitin-ligating enzyme (E3). In the first step of the
ubiquitin cascade, an active site cysteine residue of the E1
enzyme forms a thioester linkage with the C-terminal carboxyl
group of ubiquitin (3). The ubiquitin molecule is then trans-
ferred to a cysteine residue on an E2 enzyme and is finally
linked to its substrate protein through interactions made with
the E2 conjugating enzyme and the E3 ligase. Ubiquitin is
bound to substrate through an amide bond between the C
terminus of ubiquitin and the epsilon amino group of a Lysine
in the substrate (Fig. 1). Approximately 10 E1, 40 E2, and
�600 E3s are encoded in the human genome resulting in
increased complexity and specificity following each step of
the ubiquitin cascade (3, 4).

Removal of ubiquitin molecules is catalyzed by deubiquiti-
nating enzymes (DUBs)1 (4). Approximately 80–90 DUBs are
encoded in the human genome and are subdivided into five
classes: ubiquitin-specific proteases (USPs), ubiquitin C-ter-
minal hydrolases (UCHs), ovarian tumor proteases (OTUs),
Joesephines, and JAMM/MPN� metalloenzymes (5). USPs,
UCHs, OTUs, and Josephines are all cysteine proteases (3, 5).From the ‡Broad Institute of MIT and Harvard, 7 Cambridge Center,
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Aside from functioning to remove ubiquitin from substrate
molecules, DUBs can also function to trim polyubiquitin
chains or generate free ubiquitin from ubiquitin precursors (5).
Additionally, three well conserved DUBs associate with the
proteasome and regulate substrate degradation via chain
trimming or through removal of the ubiquitin chain en bloc (6,
7). As a result, proteasomal DUBs facilitate the recycling of
cellular ubiquitin molecules upon substrate degradation (5).

The cellular signaling events facilitated by ubiquitination are
highly versatile because of the diversity in ubiquitin chain
topology. For example, substrate lysine residues can be either
monoubiquitinated or polyubiquitinated with a variety of chain
lengths. In addition, all seven lysine residues of ubiquitin as
well as the N terminus can form polyubiquitin linkages with
lysine residues on additional ubiquitin molecules in either a
homotypic or heterotypic manner (2). Distinct ubiquitin bind-
ing domains recognize particular ubiquitin chain products and
function to trigger a diverse array of signaling events (2).
Polyubiquitination often functions as a signal for degradation
through the ubiquitin-proteasome system (UPS) to maintain
cellular homeostasis. The 26S proteasome is a large, multi-
subunit protein complex that works to unfold and proteolyti-
cally degrade ubiquitinated proteins (6).

Until recently, proteomic techniques for characterizing spe-
cific sites of ubiquitination in a large-scale manner have been
deficient relative to well established methods for characteriz-
ing thousands of phosphorylation sites (7, 8). The analysis of
ubiquitinated proteins is typically faced with the following
challenges: (1) ubiquitin itself is a protein, (2) ubiquitination is
substoichiometric, (3) ubiquitination frequently leads to pro-
tein degradation, and (4) the topology of ubiquitin chains is
heterogeneous. Previously, proteomic methods have utilized
affinity-tagged ubiquitin, ubiquitin specific antibodies, or re-
agents consisting of ubiquitin binding domains to enrich sub-
stiochiometrically modified proteins (5–7). Although these
methods have enabled the characterization of up to several
hundred sites of ubiquitination, they are inherently hampered
by the increase in complexity that results from the presence of

a large number of nonubiquitinated peptides derived from
unmodified regions of the enriched proteins after digestion (9).

Digestion of ubiquitinated, NEDD8ylated, or ISG15ylated
proteins with trypsin results in cleavage of all but the two
C-terminal glycine residues of ubiquitin, NEDD8, or ISG15 that
remain linked to the epsilon amino group of any modified
lysine residues (K-�-GG) in digested substrate proteins (Fig. 1)
(10). The modified lysine residues are not cleaved by trypsin,
and therefore the K-�-GG modifications are internal to the
resulting tryptic peptides of the substrate proteins. Antibodies
have recently been developed that specifically recognize and
immunoprecipitate peptides containing the K-�-GG remnant
(10–12). Here we used a commercially available anti-K-�-GG
antibody to enrich K-�-GG peptides from human Jurkat cells
(Fig. 1) to study the effects of proteasome inhibition and DUB
inhibition on endogenous ubiquitination sites. MG-132 was
used to inhibit the chymotryptic-like activity of the protea-
some. For DUB inhibition, we used the nonselective, reversi-
ble DUB inhibitor PR-619 (2,6-diaminopyradine-3,5-bis(thio-
cynate)) that targets four of the five DUB families (13). In total,
we successfully identified 5533 distinct K-�-GG peptides from
2039 proteins and quantified 4907 K-�-GG peptides from
1883 proteins. Technical improvements involving minimal
fractionation of protein digests prior to liquid chromatogra-
phy-tandem MS (LC-MS/MS) allowed us to obtain this level of
coverage and quantification in SILAC triple encoded samples
using a few milligram of protein lysate from each label state.

EXPERIMENTAL PROCEDURES

Cell Culture—For stable isotope labeling by amino acids in cell
culture (SILAC) experiments (14), Jurkat E6–1 cells (ATCC) were
cultured in Roswell Park Memorial Institute 1640 media deficient in
L-arginine and L-lysine (custom preparation from Caisson Laborato-
ries, North Logan, UT). Media was supplemented with 10% dialyzed
fetal bovine serum (SAFC-Sigma), penicillin, streptomycin, and gluta-
mine. Cells were grown in media containing either L-arginine (Arg0)
and L-lysine (Lys0), L-arginine-13C6 (Arg6) and L-lysine-4,4,5,5-d4 (L)
(Lys4), or L-arginine-13C6, 15N4 (Arg10) and L-lysine-13C6,15N2 (Lys8)
(Sigma Isotech) for �7 doublings. Five hours prior to harvest, cells
were treated with either 0.5% v/v dimethyl sulfoxide, 5 �M MG-132
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FIG. 1. Schematic of the enrichment
of K-�-GG peptides with an anti-
K-�-GG antibody. Following tryptic di-
gestion two glycine residues from the C
terminus of ubiquitin remain linked to the
epsilon amino group of a modified lysine
residue. An anti-K-�-GG antibody is
used to efficiently enrich these peptides
away from non- K-�-GG peptides.

Methods for Analyzing Global Effects on Ubiquitination

Molecular & Cellular Proteomics 11.5 149



(Calbiochem, San Diego, CA), or 5 �M PR-169 (Lifesensors). The
described cell culture procedure was used to prepare two biological
replicates of each SILAC triple encoded experiment. SILAC amino
acid incorporation was monitored by analyzing peptide samples prior
to mixing of SILAC encoded states.

Cell Lysis, Protein Digestion—Cell pellets were lysed at 4 °C in 8 M

urea, 50 mM Tris pH 7.5, 150 mM NaCl, and 1 mM EDTA containing 2
�g/ml aprotinin, 10 �g/ml leupeptin, 1 mM phenylmethylsulfonyl fluo-
ride, 50 �M PR-619, and 5 mM chloroacetamide. A bicinchoninic acid
(BCA) protein assay (Pierce, Waltham, MA) was used to estimate
protein concentration. SILAC-labeled samples were combined using
5 mg of protein per SILAC state for each experimental replicate.
Approximately 5 mg of protein were obtained from 1 T175 flask.
Samples were treated with 5 mM dithiothreitol for 45 min at room
temperature. Carbamidomethylation was completed by treatment
with 10 mM iodoacetamide for 45 min at room temperature. The
protein mixture was diluted to 2 M urea with 50 mM Tris/HCl pH 7.5
and digested with sequencing grade trypsin (Promega, Madison, WI)
overnight at room temperature. Peptide mixtures were acidified with
trifluoroacetic acid (TFA) and desalted using a 500 mg tC18 Sep-Pak
SPE cartridge (Waters, Milford, MA). Desalted peptide mixtures were
frozen and subsequently lyophilized using a FreeZone Triad Freeze
Dry System (Labconco, Kansas City, MO).

Strong Cation Exchange (SCX) Chromatography—Lyophilized pep-
tides (5 mg per SILAC state) were resuspended in SCX buffer A (7 mM

KH2PO4 pH 2.65, 30% acetonitrile) and separated on a Polysulfoethyl
A column (250 � 9.4 mm, 5 �M, 200 Å) (PolyLC) using an Akta Purifier
10 system (GE Healthcare). A 160 min SCX gradient was used for
separation at a flow rate of 3 ml/min. The gradient consisted of a 20
min equilibration phase with 100% buffer A, a linear increase to 30%
buffer B (7 mM KH2PO4, pH2.65, 350 mM KCl, 30% MeCN) within 30
min, a second linear increase to 75% buffer B in 80 min, 100% B for
10 min, and a final equilibration with Buffer A for 20 min. Upon
injection of the sample, 60 fractions were collected with a P950
fraction collector throughout the run. Pooling of SCX fractions was
guided by the UV 214 nm trace. For proteome analysis, 5% of each SCX
fraction was aliquoted, and fractions were combined into 24 proteome
samples. For experiment 1/replicate 2 only 23 proteome SCX fractions
were analyzed. For K-�-GG analysis 95% of each SCX fraction was
used, and the SCX fractions were combined into four K-�-GG samples.
All fractions were lyophilized, desalted, and again lyophilized.

K-�-GG Peptide Enrichment—Lyophilized peptides were reconsti-
tuted in 50 mM MOPS pH 7.2, 10 mM sodium phosphate, and 50 mM

NaCl (IP buffer). K-�-GG ubiquitin remnant motif antibody bead con-
jugates (80�l 1:1 slurry as supplied by vendor) (Cell Signaling Tech-
nologies, Danvers, MA) were washed three times with ice cold IP
buffer and equally separated into four tubes. Peptides mixtures were
added to K-�-GG antibody beads and incubated overnight at 4 °C
with gentle rotation. Antibody beads were washed three times with ice
cold IP buffer followed by two washes with ice cold H2O. For peptide
elution, 50 �l of 0.15% trifluoroacetic acid (TFA) were added to the
antibody beads two times and supernatants were collected. All pep-
tides were desalted using C18 StageTips (15). Prior to sample load-
ing, StageTips were washed with 50 �l of 60% acetonitrile/0.1% TFA,
followed by two washes with 0.1% TFA. Peptide mixtures were then
loaded directly onto StageTips, which were subsequently washed two
times with 100 �l of 0.1% TFA. Peptides were eluted from StageTips
with 100 �l of 60% acetonitrile/0.1% TFA and dried to completion.

LC-MS/MS—Peptide mixtures were reconstituted in 1% formic
acid/3% acetonitrile and analyzed on an LTQ Orbitrap Velos mass
spectrometer (Thermo Fisher Scientific) coupled online to an Agilent
1200 HPLC system. Samples were injected directly on a capillary
column (360 �m o.d. � 75 �m i.d.) packed in-house with 12 cm of 3
�m ReproSil-Pur C18-AQ resin (Dr. Maisch GmbH). The capillary

column was equipped with an integrated 10 �m tip. The HPLC mobile
phase A was 0.1% formic acid and the mobile phase B was 90%
acetonitrile/0.1% formic acid. Peptides were eluted from the column at
200 nL/min using a reversed phase HPLC gradient with a 70 min linear
gradient (0.29%B/min) from 10% solvent A (0.1% formic acid in water)
to 30% solvent B (0.1% formic acid/90% acetonitrile). The total run time
including sample loading and column reconditioning was 140 min.

The LTQ Orbitrap Velos was operated in the data-dependent mode
where an MS1 scan was acquired in the Orbitrap analyzer at a
resolution of 60,000 and a target value of 1,000,000 ions. The MS1
scan was followed by collision-induced dissociation MS/MS scans on
the top 16 most abundant ions. All MS/MS scans were acquired in the
ion trap with a target value of 10,000 ions, normalized collision energy
of 30, and an isolation width of 2.5 amu. Dynamic exclusion was
enabled with an exclusion duration of 20 s.

MS Data Analysis—Peptides and proteins were identified and
quantified using the MaxQuant software package, version 1.2.2.5,
and the terminology and settings described below are specific to this
software, (16, 17). MS/MS spectra were searched against the human
International Protein Index (IPI) database (version 3.68) which con-
tained 87,062 entries and 248 frequently observed laboratory con-
taminants as provided by the MaxQuant software package. Precursor
mass tolerance was set to 20ppm for the first search where initial
mass recalibration was completed. For the main search, a 6ppm
precursor mass tolerance was used. Product ions were searched with
a mass tolerance 0.5 Da. The maximum precursor ion charge state
used for searching was 7. Carbamidomethylation of cysteines was
searched as a fixed modification and oxidation of methionines, acety-
lation of protein N termini, deamidation of asparagine, and presence
of GlyGly on the sidechains of lysine residues were searched as
variable modifications. Enzyme specificity was set to trypsin and a
maximum of two missed cleavages was allowed for searching. The
target-decoy-based false discovery rate (FDR) for peptide and protein
identification was set to 1% for peptides and proteins (18). The filter
labeled amino acids and the peptide requantification function was
enabled for the analysis. Unmodified, oxidized methionine, deami-
dated asparagine, and N-terminally acetylated peptides were utilized
for protein quantification.

SILAC peptide ratios were obtained from the MaxQuant Evidence
table. All peptides identified as reverse or contaminant hits were
removed from the data set. Within a given experiment, all non-K-�-GG
peptide SILAC ratios were used to normalize K-�-GG SILAC ratios.
Arg and Lys containing peptides were normalized independently to
correct for incomplete amino acid incorporation. After normalization,
K-�-GG SILAC ratios were log2 transformed and a median value was
calculated for all nondistinct forms of a given K-�-GG peptide in a
given experiment. Peptides that differed only by charge state, methi-
onine oxidation, asparagine deamidation, or N-terminal acetylation,
were not considered distinct. To aid in peptide grouping, K-�-GG site
localization information was simplified such that an original localiza-
tion score of �0.75 was deemed a confidently localized site and
denoted with a score of 1, an original localization score of �0.75 and
�0.5 was deemed 50% localized and denoted with a score of 0.5;
and an original localization score of �0.5 was deemed unlocalized
and therefore no localization score was given. Peptide identifications
in which GlyGly sites were localized to a C-terminal Lys of a peptide
were considered false positives (as trypsin would not cut adjacent to
a K-�-GG site as has been previously demonstrated (19)) and were
manually removed from the data set. In the case of peptides that
contain only two Lys residues and also end with LysLys, the GlyGly
modification was deemed to be localized to the second to the last
C-terminal Lys residue.

Protein level information was obtained from the MaxQuant Protein
Groups table. Leading protein groups identified as reverse hits or
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contaminants were removed from the data set. All reported protein
groups were identified by two or more distinct peptides and quanti-
fied with three or more ratio counts. A protein SILAC ratio was derived
by calculating a median value over normalized, log2 transformed
peptide SILAC ratios assigned to a given protein group. Arginine and
lysine containing peptides were normalized separately to account for
incomplete labeling. K-�-GG peptides were not considered in protein
level quantification.

Using the two replicate measurements for each treatment condi-
tion, differentially (up or down) regulated peptides and proteins were
identified using the moderated t-statistic (20). This statistic is similar
to the ordinary t-statistic, with the exception that the standard errors
are calculated using an empirical Bayes method utilizing information
across all peptides, thereby making inference about each individual
peptide more robust. The p values arising from moderated t-statistics
are nominal p values (like those obtained from an ordinary t test), and
are corrected for multiple testing by controlling the false discovery
rate (FDR), as proposed by Benjamini and Hochberg (21). Peptides
and proteins with an FDR adjusted p value of less than 0.1 were
deemed to be reproducibly regulated. A corrected p value threshold
of 0.1 was chosen for this study because the standard p value cutoffs
of 0.05 or 0.01 result in significant loss of sensitivity because of the
small number of replicates used and the large number of regulated
peptides.

Hyperlinks embedded in supplemental Table S1 link to a Spectrum
Mill viewer that shows an annotated MS/MS spectrum for K-�-GG
peptides. URLs �256 characters will not have an associated hyperlink
and need to be pasted into the internet browser to access the viewer.
We recommend using Internet Explorer on Windows for best results.
Raw data are available at https://proteomecommons.org and they
are mirrored at ftp://ftp.broadinstitute.org/distribution/proteomics/
public_datasets/Udeshi_MCP_2012/.

Gene-Ontology Enrichment—The DAVID Bioinformatics resource
was used to identify enriched gene ontology (GO) terms in our data
set (22, 23). Enrichment analysis was completed using the functional
annotation tool within DAVID. The background gene population used
in all analyses was the entire human gene set. GO terms assigned a
Benjamini-Hochberg adjusted p value of less than 0.05 by DAVID
were deemed to be enriched over the background gene set.

K-�-GG Sequence Window Analysis—To study the representation
of amino acids proximal to K-�-GG sites, sequence windows of � 10
amino acids were created for �5000 confidently localized K-�-GG
sites from our data set. In addition, same-sized sequence windows
were extracted for �5000 lysine residues chosen at random from the
human IPI database (version 3.66) to serve as a background. A
log-odds ratio was calculated for the frequency of an amino acid at
every position within the sequence window between K-�-GG sites
and the background data set. To visualize these results, a heat map
was generated based on the log-odds ratio using GENE-E (24).

RESULTS

Prefractionation Significantly Increases the Number of Iden-
tified K-�-GG Peptides in SILAC Triple Encoded Samples—A
major focus of our work was to establish practical methods for
quantifying global changes in both the ubiquitinome and pro-
teome in cells undergoing various perturbation conditions. In
the present study we set out to quantify changes in the
abundance of K-�-GG peptides after cellular treatment with
the proteasome inhibitor MG-132 or the broad specificity DUB
inhibitor PR-619 relative to vehicle-treated (Fig. 2A). We em-
ployed triple-encoding SILAC, a well established and power-
ful method for quantifying changes in the abundance of pep-

tides and proteins across multiple cellular states (14). In our
large-scale experiment, we investigated the usefulness of pre-
fractionating samples prior to K-�-GG enrichment by compar-
ing the number of K-�-GG peptides identified with limited SCX
fractionation relative to direct enrichment. For the compari-
son, three of our SILAC triple encoded samples (Fig. 2A) were
divided such that 50% of the sample was directly enriched for
K-�-GG peptides whereas the other 50% was first separated
into four SCX fractions (Fig. 2B). Pooling of fractions for the
K-�-GG IP was guided by results obtained from preliminary
work to maximize the yield of K-�-GG peptides per IP (sup-
plemental Fig. S1A). Each SCX fraction was separately en-
riched for K-�-GG peptides (total amount of antibody used in
all comparisons was equivalent) and analyzed by LC-MS/MS.

We found that limited fractionation into four SCX fractions
prior to enrichment increased the number of identified K-�-GG
peptides by three- to fourfold over the direct enrichment
approach in three separate evaluations (supplemental Table
S1). Starting with ca. 5 mg of protein per SILAC state, pre-
fractionation enabled the identification of up to �3300 distinct
K-�-GG peptides from a single SILAC triple encoded sample
(supplemental Table S1). On average, non-K-�-GG peptides
constituted �30–50% of all distinct peptides identified in
each IP. K-�-GG peptides were found to follow the expected
trend of having increased precursor charge state with increas-
ing SCX eluting time (supplemental Fig. S1B). Comparing
sequenced peptide precursors between K-�-GG and non-K-
�-GG peptides revealed that tryptic K-�-GG peptides have
higher precursor charge states, with the majority of K-�-GG
peptides having a charge state of �2 (supplemental Fig. S1C).
This finding correlates with the fact that K-�-GG peptides tend
to contain more amino acids than non-K-�-GG peptides be-
cause of the inability of trypsin to cleave at the modified lysine
residue and the additional di-glycine remnant (supplemental
Fig. S1D). Ultimately, we conclude that reducing complexity,
even minimally, significantly increases the number of identi-
fied K-�-GG peptides in a given sample without greatly in-
creasing the amount of time necessary to complete a quan-
titative biological comparison. Additionally, employing SCX
separation prior to enrichment combines the fractionation for
whole proteome analysis and for K-�-GG analysis into a single
step thereby facilitating acquisition of both global proteome
and global ubiquitination data on the same sample.

Production of Iodoacetamide-induced Artifacts is not Sig-
nificant in Complex Mixtures—It was previously reported that
in gel digestion protocols using high concentrations of iodo-
acetamide (55 mM) can induce lysine adducts that are identi-
cal in atomic composition to the di-glycine remnant (25).
Although acetamide adducts may occur after 55 mM iodo-
acetamide treatment of a gel slice, we reasoned that the
degree of iodoacetamide-induced artifacts would be nominal
in the context of complex mixtures under our alkylation con-
ditions, which treat with 10 mM iodoacetamide in Tris HCl
buffer. Additionally, we would not expect the anti-K-�-GG
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antibody to enrich acetamide adducts. To determine if iodo-
acetamide induces significant levels of di-acetamide artifacts
in complex mixtures under our working conditions we treated
2 mg of protein from total cell lysate with either 10 mM (our
working concentration) or 55 mM (high concentration) with D4
iodoacetamide following reduction with 5 mM dithiothreitol.
Each sample was prepared as described in supplemental
methods. Tryptic peptides were analyzed before and after
enrichment with the anti-K-�-GG antibody. These experi-
ments revealed that the number of peptide spectral matches
(PSMs) identified with two heavy acetamide adducts on lysine
residues in K-�-GG pre-enrichment samples and K-�-GG en-
riched samples was less than 0.1% for our working concen-
tration of 10 mM iodoacetamide (supplemental Table S2).
Additionally, increasing the iodoacetamide concentration to
55 mM did not result in a significant increase in the number of
heavy di-acetamide adducts on lysines. Taken together, we
conclude that treatment of total cell lysates with 10 mM iodo-
acetamide under our reaction conditions does not contribute

a significant level of the lysine adducted artifact which mimics
the di-glycine remnant.

Proteasome Inhibition Induces Large Effects in the Ubiquitin
Landscape—We investigated the effects of proteasome inhi-
bition on protein ubiquitination by treating Jurkat cells with the
small molecule inhibitor MG-132 (Fig. 2). This compound is a
potent inhibitor of the chymotryptic-like activity of the 20S
proteasome and is commonly used to study ubiquitinated
proteins (1, 26). Initial experiments by Western blotting con-
firmed that MG-132 does increase the levels of ubiquitination
with increasing treatment concentrations in Jurkat cells (sup-
plemental Fig. S2).

For the SILAC experiment, cells were treated for four hours
with 5 �M MG-132 which significantly altered the abundance
of a large number of K-�-GG peptides (Fig. 3A). We found that
�50% of K-�-GG peptides were up-regulated �2-fold and as
much as 30-fold by MG-132 (supplemental Table S1). GO
Biological Process (GOBP) term enrichment for up-regulated
K-�-GG modified proteins revealed that ubiquitination ma-

FIG. 2. Outline of the SILAC experimental design and schematic of the workflow. Two SILAC triple-encoded experiments were
completed in biological duplicates with label switching as outlined in (A). Our workflow is depicted in (B). SILAC labeled Jurkat cells were lysed,
proteins reduced, alkylated, and digested with trypsin and subsequently fractionated off-line by SCX chromatography. A small percentage of
each SCX fraction was combined to create 24 total pools for the proteome level analysis. The remaining SCX samples were combined to create
four total pools for K-�-GG enrichment. Peptide mixtures were enriched for K-�-GG peptides and analyzed by LC-MS/MS.
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FIG. 3. The effects of MG-132 and PR-619 on K-�-GG peptides. Scatter plots and histograms of the SILAC ratios of biological replicate
1 versus 2 for (A) K-�-GG peptides after 5 �M MG-132 treatment. Ratios deemed to be reproducibly regulated by the moderated t-statistic
(Benjamini-Hochberg p value �0.1) are indicated in red. Enriched GOBP terms were derived using the DAVID bioinformatics resource. A
selection of significantly enriched terms (Benjamini-Hochberg p value �0.05) were plotted for K-�-GG modified proteins that were (B)
up-regulated and (C) down-regulated by MG-132. Scatter plots and histograms of SILAC ratios of biological replicate 1 versus 2 for (D) K-�-GG
peptides after 17 �M PR-619 treatment. A selection of significantly enriched GOBP terms (p � 0.05) were plotted for K-�-GG peptides ratios
that were (E) up-regulated or (F) down-regulated by 17 �M PR-619 treatment.
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chinery is highly enriched in this population (Fig. 3B). Sites of
increased ubiquitination following MG-132 treatment were
observed on proteins from each of the three enzyme classes
that make up the ubiquitin cascade. Specifically, up-regulated
sites were identified on the ubiquitin-activating enzyme UBA1,
several ubiquitin-conjugating enzymes, including UBE2D3,
UBE2T, and UBE2N, and several E3 ligases, including
RNF168, RNF216, Rad18, TRIM41, and E6-AP (supplemental
Table S1). Ubiquitination sites were also significantly in-
creased on both �- and �-type subunits of the 20S protea-
some, consistent with previous findings (27).

In addition to the large degree of up-regulation observed
with MG-132 treatment, �15% of K-�-GG peptides were
reproducibly down-regulated (Fig. 3A and supplemental Table
S1). GOBP term enrichment for down-regulated K-�-GG pro-
teins (Fig. 3C) indicated that chromatin related proteins in-
cluding histones H2A, H2A.x, macro-H2A, H2B, and H1 are
highly enriched in this subpopulation (supplemental Table S1).
This result is supported by previous work that found reduced
levels of histone ubiquitination on histones H2A and H2B
upon proteasomal inhibition and proteotoxic stress (28, 29).
Additionally, this down-regulated subpopulation was enriched
in translational machinery including the 40S ribosomal protein
S20, the 60S ribosomal proteins L9, L11, L30, L19, and L24,
and the elongation factor 1-alpha.

DUB Inhibition by PR-619 Increases Protein Ubiquitination
Levels but is Less Effective than Proteasome Inhibition by
MG-132—Next we evaluated the general effects of the DUB
inhibitor PR-619 in Jurkat cells. Western blotting was initially
used to assess the global effects of PR-619 on ubiquitinated
proteins. This initial experiment confirmed that PR-619 func-
tions to increase ubiquitination levels in Jurkat cells with in-
creasing treatment concentrations (supplemental Fig. S2). For
the SILAC-based study, we treated Jurkat cells with two
different concentrations of PR-619, 5 �M (low) or 17 �M (high),
for 4 h (Fig. 2A). Final treatment concentrations were chosen
based on the reported IC50 values (5uM–20 �M range) of this
compound for inhibiting DUBs or ubiquitin-like isopeptidases
as well as, information from the vendor (Lifesensors Inc.)
indicating that treatment with �30 �M PR-619 may induce
cytotoxic effects. In addition to treatment with either low- or
high-concentration PR-619, Jurkat cells were also treated
with a combination of 17 �M PR-619 and 5 �M MG-132 to
increase the abundance of those peptides that may be rapidly
degraded by the proteasome following DUB inhibition (Fig.
2A).

High-concentration PR-619 treatment resulted in a greater
percentage of regulated K-�-GG peptides relative to low-
concentration treatment (supplemental Fig. S3). High- and
low-concentration PR-619 treatment altered the abundance
of �20 and 40% of quantified K-�-GG peptides, respectively
(Fig. 3D and supplemental Fig. S4). Analysis of GOBP terms
associated with proteins found to have up-regulated K-�-GG
sites after high-concentration PR-619 treatment revealed an

enrichment for proteins involved in RNA processing functions
including HNRNP M, HNRPN K, HNRNP H, as well as the
ATP-dependent RNA helicase eIF4A-1 and 46, and the DNA-
directed RNA polymerase II subunit RPB2 (Fig. 3E and sup-
plemental Table S1). Also in accordance with the findings of
Altun et al. (13) we find that DUB inhibition by PR-619 in-
creases the level of ubiquitination on sites of several protea-
some subunits including PROS26 and PSMA5 but does not
significantly change the level of ubiquitination on the known
NEDD8ylated substrate CUL1 at K410 (13). Interestingly, sim-
ilar to MG-132 treatment, high concentration PR-619 caused
down-regulation of K-�-GG sites on histone proteins as well
as ribosomal proteins (Fig. 3F and supplemental Table S1).

K-�-GG peptides quantified across all SILAC experiments
were used to directly compare the effects of 5 �M MG-132
versus 17 �M PR-619 (Fig. 4A). Approximately 30% of K-�-GG
peptides compared were reproducibly regulated by both PR-
619 and MG-132 (Fig. 4A). However, MG-132 significantly
increased levels of nearly twice as many K-�-GG sites than
PR-619. As expected from the individual analysis of each
treatment condition, the subset of K-�-GG sites down-regu-
lated by both MG-132 and PR-619 were highly enriched in
chromatin related proteins and translational machinery as
indicated by GO cellular component, GOBP, and Pfam (a
comprehensive database of over 13,000 conserved protein
families, http://pfam.sanger.ac.uk/) term enrichment (Fig. 4B).
As expected, both compounds increased the levels of K-�-GG
sites on ubiquitin itself and also resulted in increased K-�-GG
levels on the ubiquitin-like proteins NEDD8 and SUMO-2 (Fig.
4B and supplemental Table S1). Approximately 30% of
K-�-GG peptides were significantly regulated by only MG-132
treatment. MG-132 up-regulated K-�-GG sites were found on
proteasome subunits alpha type-1 and -6 as well as on the
regulatory subunits 4 and 7 (supplemental Table S1) (30). The
subset of proteins with K-�-GG sites that increased only after
PR-619 treatment was enriched with tubulins (supplemental
Table S1) (31).

DUB inhibition by PR-619 could result in rapid degradation
of proteins in the absence of proteasome inhibition. Therefore,
to study this, treatment with a high concentration of PR-619
was carried out in the presence and absence of MG-132. This
comparison revealed that nearly 40% of K-�-GG peptides
were regulated under both conditions and that the level of
regulation for the majority of these K-�-GG sites was similar
(supplemental Fig. S5 and supplemental Table S1). Approxi-
mately 15% of sites were only up-regulated following the
combination of PR-619 and MG-132 treatment. This subset of
K-�-GG-peptides was compared with the set obtained follow-
ing treatment with MG-132 to determine which K-�-GG sites
were distinctly regulated by the combined treatment of PR-
619 and MG-132. In total, 13 K-�-GG-modified proteins ob-
served in the MG-132 treatment data contained K-�-GG sites
that were only reproducibly up-regulated by the combined
treatment of PR-619 and MG-132. This list included modifi-
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cation of K21 of the proteasomal ubiquitin receptor ADRM1
and K54 of NEDD8 (supplemental Table S1). Proteins harbor-
ing K-�-GG sites that were up-regulated with a combination of
PR-619 and MG-132 treatment are potential candidates for
degradation by the UPS following DUB inhibition. Overall we
find that many K-�-GG sites are regulated to a similar extent
by PR-619 and MG-132. However, among the K-�-GG sites
studied, we find that inhibition of the proteasome by MG-132
results in almost twice the number of up-regulated K-�-GG
sites relative to PR-619 treatment alone.

Enrichment of K-�-GG Peptides Facilitates the Analysis of
Perturbation Induced Effects on Polyubiquitin Linkages—The
described methodology can also be used to measure
changes in global polyubiquitin chain topology following cel-
lular perturbation. SILAC ratios were plotted for GlyGly-mod-
ified lysine residues of ubiquitin for all cellular treatment con-
ditions (Fig. 5). Similar to previous findings, we observe that
proteasome inhibition increases the abundance of all poly-
ubiquitin linkages, but has the mildest effect on K63, a site
that is known to have nonproteolytic functions (11, 12, 32, 33).
PR-619 induced milder effects on polyubiquitin chain abun-
dance relative to MG-132 for nearly all linkages. This may
suggest that the inhibitory effect of PR-619 on the protea-
some is low compared with MG-132, as is indicated by the
vendor, or that the majority of polyubiquitin chains affected by
PR-619 are rapidly degraded by the proteasome. Interest-
ingly, PR-619 treatment reduces levels of K6 polyubiquitin
linkages Comparing results from PR-619 treatment with and
without the presence of MG-132 indicates that the combined
treatment of PR-619 and MG-132 is not essential for signifi-
cantly increasing the levels of polyubiquitin chains (Fig. 5).
Overall, we find that MG-132 is more efficient at increasing the
levels of polyubiquitin linkages relative to PR-619.

Representation of Amino Acids Proximal to K-�-GG Sites—
Large scale ubiquitin site mapping efforts facilitates the study
of amino acid representation proximal to K-�-GG sites, which

FIG. 4. Comparison of effects induced by MG-132 and PR-619
on the same K-�-GG peptide. Scatter plot and histograms of
SILAC ratios for (A) K-�-GG peptides after 5 �M MG-132 versus 17
�M PR-619 treatment. To generate this plot, the average log2 SILAC
ratio between two biological replicates was calculated for each
treatment condition. Regulation status was determined using the
moderated t-statistic (Benjamini-Hochberg p value �0.1). Points
colored in black were not deemed reproducibly regulated in either
of the treatment conditions. Enriched GOBP, GOCC and Pfam
terms were derived using the DAVID bioinformatics resource. The
two most significantly enriched terms (Benjamini-Hochberg p value
�0.05) are tabulated (B) for K-�-GG modified proteins within each
of the colored subsets. Asterisks indicate that no significantly en-
riched ontology term was identified.

FIG. 5. Effects of treatment on polyubiquitin linkages. SILAC
log2 ratios are plotted for GlyGly modified lysine residues of ubiquitin.
Ratios for all nondistinct K-�-GG modified lysine residues of ubiquitin
were used for this analysis.
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can aid in understanding the specificity of lysine ubiquitina-
tion. To search for over- or underrepresented amino acids
proximal to K-�-GG sites, we compared the frequency of all
amino acids within a � 10 amino acid sequence window
(extracted from the protein sequence) between confidently
localized K-�-GG sites from our data set to a background of
randomly chosen lysine residues from the human IPI data-
base. The log-odds ratio was calculated for the frequency of an
amino acid at every position in the sequence window and re-
sults were visualized as a heat map (supplemental Fig. S6).
Similar to recent findings by Kim et al., the most pronounced
effects observed were underrepresentation of the basic amino
acids lysine and histidine especially N-terminal to the K-�-GG
site and extending out to the �4 position (12). In addition we
find that proline residues are depleted at the � 1 position. We
also observed some degree of over-representation of glycine,
serine, threonine, tyrosine, glutamine, and asparagine residues
either N- or C-terminal to the K-�-GG site. No strong sequence
motif was identified in our data set using motif enrichment (data
not shown) (34). We note that these observations could be
reflective of sequence biases of the anti-K-�-GG antibody.

Steady-State Protein Levels are Largely Unaffected Follow-
ing Proteasome and DUB Inhibition—In addition to the enrich-
ment of K-�-GG peptides, we conducted whole-proteome
analyses (without Ub enrichment) on the same samples to
study the effects of MG-132 and PR-619 on protein steady-

state levels. We reproducibly quantified 2675 and 2382 pro-
teins quantified by at least three distinct peptides ratios in the
SILAC experiments I and II, respectively (Fig. 2 and supple-
mental Table S1). As a result, we obtained proteome level
information for approximately half of K-�-GG modified pro-
teins identified in both SILAC triple encoded samples (Figs.
6A and 6B). At this depth of coverage, we obtained whole
proteome data for many important regulatory enzymes mod-
ulating protein ubiquitination including �10 E2s, �20 E3s,
and �15 DUBs. We were initially surprised to find that nearly
all protein levels were unaffected following MG-132 or PR-619
treatment, regardless of the extent of regulation at the K-�-GG
level, as the canonical function for ubiquitination is degrada-
tion by the UPS (Figs. 6C and 6D). Interestingly, the protein
level of ubiquitin itself was found to be unchanged under all
treatment conditions. These results correlate with data from a
recent large-scale proteomic effort which also studied the
effects of proteasome inhibition on whole protein levels (12).
The authors suggest that minimal observed changes to pro-
tein levels following proteasome inhibition may be linked to a
low stoichiometry of the ubiquitinated form of a given protein
(12). For K-�-GG sites quantified after MG-132 treatment, we
compared the SILAC ratios for the K-�-GG peptide, the un-
modified peptide containing the modified lysine residue, and
the measured protein SILAC ratio to study K-�-GG site stoi-
chiometry (supplemental Figs. S8A, S8B, and S8C) (35). We

FIG. 6. Results of Proteome Analy-
sis. Overlap of proteins and K-�-GG
modified peptides identified in SILAC (A)
Experiment I and (B) Experiment II. Scat-
ter plots and histograms are shown for
SILAC ratios of biological replicate 1 ver-
sus 2 for Proteome-level protein ratios
after (C) 5 �M MG-132 treatment and (D)
17 �M PR-619 treatment.
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note that comparison of the exact peptide in the K-�-GG and
non-K-�-GG state is not possible for the majority of cases as
ubiquitination of a lysine residue results in a missed cleavage
by trypsin. The comparison of the non-K-�-GG peptide ratio
to the protein ratio indicated that only a small percentage of
non-K-�-GG peptide SILAC ratios differed significantly from
the measured protein ratio for regulated K-�-GG sites (sup-
plemental Fig. S8B). Further comparison of the non-K-�-GG
and K-�-GG SILAC ratios after MG-132 treatment also re-
vealed that the majority of regulated K-�-GG sites did not
show a reciprocal change in the non-K-�-GG SILAC ratio
(supplemental Fig. S8C). Taken together, our data supports
the hypothesis that the majority of K-�-GG sites measured in
this study have low stiochiometry, which would result in min-
imal observed changes to the protein level.

DISCUSSION

A major focus of this work was to develop practical meth-
ods for routine, robust, and relatively fast global proteomic
studies of ubiquitination. We designed our process to enable
ubiquitination as well as whole proteome analysis on the same
sample (versus independent samples) to both conserve on
sample and to reduce the amounts of costly labeling reagents
and instrument time used. The workflow we developed em-
ploying limited prefractionation of peptides by SCX is com-
patible with K-�-GG enrichment and affords a three- to four-
fold increase in the number of identified K-�-GG peptides in a
given SILAC triple-encoded experiment. Using ca. 5 mg of
input protein per SILAC label state, we successfully identified
5533 distinct K-�-GG peptides of which 4907 were quantified.
These amounts of input protein per state can be readily de-
rived from a few (e.g. 4–5) dishes of cells, and acquisition of
K-�-GG data requires only 1.5 days of on-instrument time.
Thus the strategy presented here represents a practical and
readily implementable approach to the analysis of global
ubiquitination in a wide range of cellular perturbational stud-
ies. Other groups have recently shown that using the anti
K-�-GG antibody, large numbers of K-�-GG peptides (5000–
7000) can be identified in a given sample by limiting SILAC-
based experiments to only two states (12, 36) or by label-free
experiments (11) all in combination with greatly increased
amounts of input protein (up to 35 mg). Comparison of our
findings with the SILAC based experiments performed by
Wagner et al. (11) shows similar numbers of K-�-GG site
identifications across two biological replicates for both stud-
ies (supplemental Fig. S7 and supplemental Table S2). Most
importantly, this comparison reveals a high degree of similar-
ity in the biological processes found to be regulated by MG-
132 treatment in studies conducted in two independent lab-
oratories. We believe that further improvements in overall
yield of quantified K-�-GG peptides and proteins from limiting
amounts of biological samples may be possible through op-
timization of both the antibody enrichment strategy as well as
the specific choice of pre-fractionation method used. Such

improvements will facilitate application of quantitative ubiq-
uitination analysis to primary cells and other instances where
protein amounts can be limiting.

In this study we show that both proteasome inhibition by
the commonly used proteasome inhibitor MG-132 and DUB
inhibition by the broad-specificity DUB inhibitor PR-619 in-
duce extremely large effects on protein ubiquitination levels.
As expected, proteasome inhibition significantly increased the
levels of nearly all polyubiquitin linkages and resulted in up-
regulation of over half of all K-�-GG sites measured (supple-
mental Table S1). DUB inhibition also increased levels of
ubiquitination on a large number of proteins, including those
involved in pre-mRNA processing. We found that polyubiqui-
tin linkages were generally less affected by DUB inhibition
relative to proteasome inhibition, suggesting that cellular
treatment with proteasome inhibitors is a more effective ap-
proach for increasing the levels of polyubiquitinated proteins
that may be candidates for degradation by the UPS. Overall
we found that proteasome inhibition by MG-132 is more ef-
fective in increasing the levels of ubiquitination sites relative to
PR-619.

Cellular ubiquitin is distributed in a variety of forms includ-
ing mono- and polyubiquitin linkages as well as a free mole-
cule pool (37). Previous work has shown that proteasome
inhibitors cause deubiquitination of histone proteins and has
linked this phenomenon to redistribution of free ubiquitin into
ubiquitin conjugates, which occurs in response to the proteo-
toxic stress induced by these compounds (28, 37–39). From
our work, we find that both proteasome inhibition as well as
broad DUB inhibition results in decreased levels of histone
ubiquitination, suggesting that both compounds induce pro-
teotoxic stress on the system through disruption of ubiquitin
equilibrium. Knowing this, we suggest that careful experiment
design should be considered when using inhibitors that glob-
ally affect ubiquitin processing for studying in vivo perturba-
tion induced changes to protein ubiquitination.

Whole proteome-level analysis revealed that the steady-
state levels of proteins were largely unaffected by proteasome
or DUB inhibition. Although initially unexpected, our proteome
level results are consistent with recent large-scale proteomic
efforts that also examined the effects of proteasome inhibition
on protein steady-state levels (12). The apparent lack of reg-
ulation observed for protein levels may suggest that many
ubiquitinated proteins targeted for degradation by the UPS
exist at low stoichiometry relative to their nonubiquitinated
form (12). In this case, only a small percentage of proteins that
are ubiquitinated would change in abundance through pro-
teosomal clearance, whereas the levels of the bulk of proteins
would appear to remain largely unchanged by global pro-
teomic methods. Additionally, it has been suggested that up
to 30% of newly synthesized proteins are degraded by the
proteasome as a quality control mechanism for removing
aberrant protein products of translation or mis-folded proteins
(40). In our study we observed regulation of K-�-GG sites on
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a number of proteins involved with translational elongation
and processing, which may cause a degree of dysregulation
in the synthesis of new proteins, thereby reducing the observ-
able changes in protein steady-state levels. Last, it has been
shown that degradation of ubiquitinated proteins by the pro-
teasome can have a dependence on polyubiquitin chain
length, which may influence the degree of observed protein
changes observed in our study, especially in the case of DUB
inhibition (41–43).

Ultimately, we find that the introduction of antibodies rec-
ognizing ubiquitin remnant peptides has been a huge break-
through for studying protein ubiquitin. We show that this
technique, coupled with quantitative mass spectrometry, is
extremely powerful for quantifying perturbation induced
changes in the ubiquitin landscape. We are certain that these
techniques will be extremely useful for understanding how
components of the ubiquitin system are is involved in human
disease and will hopefully help to accelerate the future devel-
opment of drugs that target the ubiquitin system (3).
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